NASA 

Technical Memorandum 78875 


AVRADCOM 
Technical Report 78-23(PL) 


(NASA -T “*78875) COMBUSTOR CONCEPTS FOR N78-26143 

AIRCRAFT GAS TURBINE LOW-POiER EMISSIONS 

REDUCTION (NASA) 20 p HC AD2/N1 *01^^ ^ UPCldS 

G3/C7 23301 


COMBUSTOR CONCEPTS FOR AIRCRAFT GAS TURBINE 
LOW-POWER EMISSIONS REDUCTION 

E. J. Mularz 
Propulsion Laboratory 

AVRADCOM Research and Technology Laboratories 
Lewis Research Center 
Cleveland, Ohio 


C. C. Gleason and W, J. Dodds 
Aircraft Engine Group 
General Electric Company 
Evendale, Ohio 




^ JUL 1978 V, 
> 

I p : 

ro j:;: 1 .. .u r:: i:u 

\ - 

\ /* . V 


TECHNICAL PAPER to be presented at the 
Fourteenth Propulsion Conference 
cosponsored by the American Institute of Aeronautics 
and Astronautics and the Society of Automotive Engineers 
Las Vegas, Nevada, July 25-27, 1978 








f 






r i 


i 


. .1 



i 

^ f| ; - 


COMBUSTOR CONCEPTS TOR AIRCRATT GAS TURBINE LOW -POWER EMISSIONS REDUCTION 

by E. J. Mala. z* 9 C. C, Gleason** and W, J. Dodds** 

National Aeronautics and Space Administration 
Lewie Research Sen ter 
Cleveland, Ohio 44135 


A bstract 

Three combustor concepts have been designed and 
tested to demonstrate si^i fiea.it reductions in air- 
craft engine idle pollutant emissions. Each concept 
used a different approach for pollutant reductions: 
the Hot Wall Combustor employs a thermal barrier 
coating end impingement cooled liners, the Recuper- 
ative Cooling Combustor preheats the air before 
entering the combustion chamber, and the Catalytic 
Converter Combu.tor is composed of a conventional 
primary cone followed by a bed for pollu- 

tant cleanup. The designs are discussed in detail 
and test results are presented for a range of air- 
craft engine idle conditions. The results indicate 
that ultra -low levels of unburned hydrocarbons and 
:&rbon monoxiae emissions can be achieved with this 
technolo^. 


Introduction 

This paper summarizes the results of a program 
to evolve and demonstrate combustor technology di- 
rected toward reducing pollutant emissions fran air- 
craft gas turbine engines during idle operation, 

Ccicern over air pollution has drawn the atten- 
tion of combustion engineers to the quantities of 
exhaust emissions produced by aircraft gas turbine 
engines. Two general areas of concern have been ex- 
pressed: Urban pollution in the vicinity of air- 

ports and pollution of the stratosphere. The prin- 
cipal urban pollutants are unbumed hydrocarbons 
(HC) and carbon monoxide (CO) during idle and taxi, 
and oxides of nitrogen (H0 X ) and smoke during take- 
off and landing. Oxides of nitrogen formed during 
altitude cruise of an aircraft are also considered 
pollutants of concern. NASA Levis Research Center 
is engaged in in-house research, university grants, 
and Industry contracts to reduce the levels of these 
pollutants. 

In 1970, the Clean Air Act charged the Envi- 
ronmental Protection Agency (EPA) with the responsi- 
bility to establish acceptable exhaust emission 
'tevels of these pollutants for all types of aircraft 
er •% mo. In response to this charge, the EPA pro* 
mnlgated the standards described in reference 1, 
with the first compliance date being January 1, 

1979* These Mission standards for Class T2 en- 
gines are shown in table I In team of the EPA pa* 
*«mfcer, which is a weighted integration of emis- 
sions over a prescribed landing-takeoff cycle* In 
response to these SPA standards, Lewis Bssearch 
Center generated the Experimental Clean Combustor 
Prorrsm (ECCP) and the Pollution Reduction technol- 
ogy Programs to develop technology which could be 
used in future gas turbine combustor designs. These 
ptc.pnm are new nearly all completed and have dem- 
on trabed that significant reductions in pollutant 
emission# are possible 


The EPA also promulgated standards for newly 
certified aircraft gas tun .e engines with a com- 
pliance date being January 1, 1981. These emission 
standards are also shown in table i, indicating a 
further reduction in HC and CO from the 1979 stand- 
ards. Since most of the HC and CO pollutants over 
the landing- take off cycle occur during the idle mode 
of the engine, further significant reductions of HC 
and CO are required at idle conditions than were 
demonstrated during the ECCP program. To investi- 
gate methods of further improvement at idle, there- 
fore, Lewis Research Center awarded a contract en- 
titled the Aircraft Gas Turbine Engine Low -Power 
Emissions Reduction Technology Program (10FER). 

This paper i>umaarizes the results of the LOPER 
program. Details of the combustor designs and a 
comprehensive listing of the data has been omitted. 
Rather, the purpose of this paper is to discuss the 
techniques used for pollution reduction and to high- 
light the major results of the program. More de- 
tailed information may be found in reference 2. 


Loper Program Description 

The purpose of the LOFER program was to evolve 
advanced aircraft gas turbine engine technology 
capable of reducing low power emissions of CO and HC 
to levels significantly lower than that which can be 
achieved with current technology. The emission 
goals of the program are shown in table II. These 
emission index values are representative of the 
levels required at the engine idle condition in or- 
der to meet the 1981 EPA standards. For comparison 
purposes, the idle emission goals of the ECCP pro- 
gram are also shown along with idle emissions from 
two current commercial aircraft engines. One can 
see from the table that the LOrER program goals for 
CO and HC are much lower than the ECCP program 
goals, and require large reductions in the emission 
values of the current engines. These CO and HC 
emission index goals would result in a combustion 
efi^ciency at idle of 99,7 percent. 

Although this program does not focus on N0 X re- 
duction, a goal is specified for N0 X at idle condi- 
tions in order that N0 X - 00 tradeoffs are not used. 
Such tradeoffs could reduce 00 at idle to the detri* 
meat of the BO* limitations Imposed by the EPA 
standards at idle and other operating conditions* 

Three combustor concepts wars to be designed 
and tested at the operating conditions given In 
table III, A single design condition was specified 
as shown and Is representative of the engine idle 
condition of an advanced gas turbine* In addition, 
testing was to be performed at two other seta of in- 
let pressure and temperature, Z atmospheres, 566 X, 
and 4 atmo s p her es, 476 X, as well as at a total of 
3 reference velocities and a range of fuel -air 
ratios in order to mors completely docuasnt the idle 
performance of each combustor concept. 
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This program was performed under contract to 
General Electric and was performed by their Aircraft 
Engine Group, Evan dale, Ohio. 

The U.S. Customary system of units was used for 
primary measurements and calculations. Conversion 
to SI units (System International d* Unites) is done 
for reporting purposes only. In making the conver- 
• sion, consideration is given to implied accuracy 

and may result in rounding off the values expressed 
in SI unit*. 


Combustor Designs 

Three combustor concepts were designed and 
fabricated for testing in a 60° sector combustor 
rig. All tnree combustors are annular design* * they 
are shown in cross-section in figure 1. The com- 
bustors were sized to be typical of those used in 
large turbofan engines. The overall length of the 
original designs were 34.4 cm, with an annular 
height between inner combustor liner walls of 
7.6 cm. See reference 2 for more detail. The 
three concepts employed many common parts in order 
to better compare their performance (e.g. , combustor 
aft section). Each concept uses a distinct techni- 
que for achieving the low pollutant emissions goals. 
At the same time low pollutant features such as air 
blast fuel nozzles and air impingement cooled liners 
are coss&on to all three concepts. The mejor design 
features of each concept are shown in table IV. 

Concept Mo. 1, the Hot Vail Combustor 
(fig. 1(a)), uses a thermal barrier coating along 
the inside combustor liner. This &L1 jws combustion 
gases near the wall to be at higher temperatures, 
minimizing wall quenching of the cosibustion kinet- 
ics. The thermal barrier coating employed was a 
1.3 mm thick thermally sprayed yttrla-stabilizad 
zircon la. This material has barn used previously in 
a combustor, but with a such thinner coating, by 
Butze and Liebert in reference 3. The combustor 
liners do not employ the conventional film cooling 
technique but rather are double wall construction 
with the outer wall drilled with equally spaced 
holes for high velocity air impingement cooling, A 
schematic of this double wall construction is shown 
In figure 2* The cooling air, after Impinging off 
the back of the Inner liner, flows between the liner 
walls until It reaches the eerie* of dilution air 
thimbles. Then it passes into the combustor as a 
' ooaiuiular dilution jet. This wall cooling techni- 

9* id ah effective way of protecting the conbuetor 
linen end also minimises wall quenching effects. 


sure drop of the air swirlers was reduced to pro- 
vice an overall combustor pressure drop comparable 
to Concept 1, 

Concept No. 3, the Catalytic Converter Combus- 
tor, (fig. 1(c)), consists of a standard combustor 
primary 2 one followed by a ceramic honeycomb cata- 
lyst bed. The fuel is first burned in front of the 
catalyst bed using approximately 50 percent of the 
airflow. This lean burning results in an average 
equivalence ratio at the face of the catalyst bed 
of 0,30 at the idle design condition. The catalyst 
acts as a cleanup reactor for the unburned HC and 
CO products in the combustion gas. The burning of 
the fuel in front of the catalyst bed raises the bed 
temperature to a level where it can operate effi- 
ciently at consuming the residual CO and HC gases. 
The lean equivalence re.tio of this preburner Pro- 
tect s the catalyst bed from overtemperature and also 
lowers the NO* formation rates. The catalyst bed 
was manufactured under subcontract by Engelhard 
Minerals and Chemicals Corp. , the Engelhard Indus- 
tries Division. The catalyst type, designated by 
the manufacturer as DXD - 222, was chosen from 
screening tests on a number of candidates. The bed 
is composed of three annular sections of substrate 
cemented together to form one rigid 60° annular seg- 
ment, Further details on the catalyst design may be 
found in reference 2. 

All three concepts were designed for idl; opera- 
tion only. Concepts 1 and 2 were designed >~ a 
primary equivalence ratio close to stoich , aetric at 
the design condition, and this would reaul- in a 
very rich primary zone at higher power operating 
conditions. The purpose of these designs was to 
demonstrate "hat this technology could achieve 
ultra-low 1 cvcaj of 00 and HC emissions. The appli- 
cation of this technology to a practical combustor 
system could be realized through variable geometry 
schemas or by using the design as the pilot stage of 
a multi staged combustor. This application is beyond 
the scope of this present program. 

Photographs of combustor hardware are shown in 
figure 3. The smooth Inner combustor liners and 
the deep plunged dilution bole thimbles are signif- 
icant features shown in figures 3(a) and (b). Fig- 
ure 3(c) shows the triple wall construction of the 
combustor dome. The four tubes in between the five 
feel injector barrels admit air to the impingement 
cooling holes for the combustor dome. 
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Qaowpt Ko, 2. too Roeupontiv* Cooling Ow 
Motor, (fli, 1(b);, ooMo oil tto prUary ectoua* 
tito ftir first t brooch tto annular pu*M> of tto 
etobaatpr Itooro teftot Min* adalttoA Into tto coa- 
taotor through tto tor ovirloro of tto tool tajoe» 
ten cr tto frloory dilution fcoloa, Braa tto eou- 
tootlM tor lo flrot uood to (tool tto itooro ud la 
tkio mr took* boot tofen tutoring tto oeotow 
tor. Wo oftootoA oa tor taopmtur. rlM of about 
• 80 to 100 S fepooAing pa operating condition.. This 
| laoomn to air itofi m wo redact* pollutant «ti* 

■ * Wow ty lar mrln g eootootloa rooottoa ratoo. too 
ooootoarr tor dilution toitoloa vara o1m« aa .bora 
to 1(b) to protant touting air ttm paMing 
^" 4 into tto entontor aa a noantmtar Jot. k on nr lo 
to tto cool* of tto 



ia:«taNr t to block air ton flawing Airoetly 
"" alp eWrtoro iron tto dlffuoor. too proa* ' 




Tho eaabnotor. toot. «*ra cooductad «t Quirtl 
Kleetrlo la a faculty which provides uarltUtod, 
pratoatoA air at required pninni to tto toot 
awbuotor. tto eaubuotor toot rig lo ofaewa la fig* 
wo 4. Ita rig conaloto of aa lnlot pi. mi, a oea- 
trto Motion containing tto dlfftoor aad eMmetor;-, - 
easlag flow path. and aa exit lastruMntation 00 **. .. 
tlen. ito rig prtoiAoo a good aiuulstlon of ttov^V 
dor condition* laoito a tfploal goo tarblaa oaglao. 
8 cm of tto anjor Aaalga feature* of too toot rig _v 
an llotoA la tabla V. Pirn fwl amolot art ; ‘.Yj . . 
squally spaced In tto 40° Motor antral Motion. V 
Tho oetouator reference velocity la da flood la 
tona of 0 rofaroooo aroa baaod on tto 7.8 « lnaar 
Ana tool tot. Bio burning langtb of tot original > 
oetouator daaigna aro atom to to noojiauhle to 
eotouotora of other anglnoa, One dlatinct differ- 
onoo tatwaa toon oetouator Aooigag aaA eo«*oa«rt. 

fa&bb 

OF POOR QUALITY 


tional conbustors is that the combustor liners are 
cylindrical rather than conical* This combustor 
shape was provided for ease of installation of the 
honeycomb catalyst bed. 

Standard instrumentation was provided for the 
combustor tests. A photograph of the combustor in- 
let and exit airflow rakes are shown in figure 5. 
There ware seven fixed exit rakes in the sector an- 
nular exhaust section. These rakes provided tem- 
perature and gas sampling data simultaneously. And 
pressure information was also obtained by momentar- 
ily stopping the gas sample flow. Gas sampling was 
measure! online during the tests using the standard 
gas sampling equipment and following the procedure 
of reference 4. Smoke was not measured since it 
was not considered to be significant at these Idle 
conditions. For further information on the insfcru- 
me nation and data analysis, see reference 2 . 


Seven configurations of each combustor concept 
were tested during the program. The emissions of 
the most promising configuration of each concept are 
presented in figures 6, 7, and 6, and a discussion 
of these results follows. 


Emissions from configuration H4 of the Hot Wall 
Combustor are shown In figure 6. The emissions were 
well below the program goal at the 3 atmosphere, 

422 K Inlet condition. In fact, even at the more 
severe Inlet condition of two atmospheres, 366 K, 
the emissions performance was below the program 
goals. Total combustor pressure drop at the design 
point of table III was 5*4 percent, very clos - to the 
design goal. A major modification from the original 
design of t is concept was an improved set of air 
blast tml u ties as Indicated on figure 9(a). The 
original fuel nosales tended to Inject large drops 
of fuel into the combustor due to fuel wetting the 
swirler barrel wall. The modified fuel nosrle elim- 
inated this fuel-wetting and lowered the HC and 00 
emission*. In addition the primary dilution holes 
were staggered at two axial positions resulting in 
lOg emissions below the program goal* 


Missions from configuration *7 of the Recuper- 
ative Coding Combustor are shown in figure 7. At 
the design condition of 3 atmospheres and 422 JC, 
the concept met all the emissions goals between 
fuel-air ratios of 0.0047 and 0.0075. At the design 
frml*elr ratio of O.OOLM the BC end CO emissions 
were bale* the goal *wluee » but tbs BOL emissions 
teoesdad the goal. At the more severe conditions 
et t etmospfasiwi, 364 % all the emissions were be- 
low the goals over a range o t fuel -dr ratios from 
*0 0.010. the shift ftodlfloetions to the edg* 
tad design o t this configuration gen an improved 
id of air blast fuel notslos similar W those of 
oofteirt as indicated in figuri 9(b) t and the 
priftefy dilution dr was reloaded further down* 
strew from the eoduator dome* total combustor 
WQSiW drop at the design point c t table XIZ was 
M percent, very close to tfte design god. Thg 
higher bo* emissions of this concept is Inherent 
in the dodge since the oodustlon air teupemture 
has been heated before entering the eoebustios 


Catalytic Converter Combustor 

Emissions from configuration C7 of the Cata- 
lyst ic Converter Combustor are shown in figure 8. 

The data are at the design inlet condition of three 
atmospheres, 422 K, at two different reference ve- 
locities. At the design fuel -air ratio the HC and 
CO emissions were well below the program goals and 
the N0 X emissions were at the program goal. This 
configuration reflects a number of major modifica- 
tions from the original design. As shown in fig- 
ure 9(c), the front end of the combustor was length- 
ened from 8.3 to 19.4 cm to reduce peak temperatures 
at the front of the catalytic bed. Previous tests 
with the original design resulted in hot spots in 
the catalyst which limited the allowable fuel-air 
ratio to less than the design value. The longer 
front end allowed more sdrdng of combustion gases to 
take place, reducing the peak temperatures. Also, 
ft & me of nonwftll -wetting fuel injectors were used 
that were the same as that of concept 2. Finally, 
two rows of dilution holes were located further 
downstream from the done than the single row of 
holes of the original iesign. All these features 
were effective in reducing the levels of HC and CO 
gases entering the catalyst bed and, with the con- 
version efficiency of the catalyst, very low levels 
of HC and CO emissions at the combustor exhaust re- 
sulted. The total combustor pressure drop at the 
design point of table III was 4.6, slightly lower 
than the design value. 


A direct comparison of the emissions of the 
combustor concepts is shown in table VI at the com- 
bustor design point. All three concepts demonstra- 
ted very low pollutant emissions* Carbon monoxide 
emissions were well below the program goal for all 
three concepts. Hydrocarbon emissions were below 
the goal for all three, and all but the Recuperative 
Cooling Concept were below the B0 X program goals. 
Higher BO* emissions are Inherent in the recupera- 
tion cooling concept since the actual Inlet-air 
temperature into the combustor was increased by as 
much as 100 K, but further combustor development 
might lower the HD* emissions to the goal value. 

All three concepts were successful in demon- 
strating substantially lower pollutant emissions at * 
engine idle. The results of this program are com- 
pared in figure 10 with 1CCP program results using 
dsmonstrator engines and with current (76 and JT99 
engine Idle emissions. The hydrocurbon and carbon 
monoxide amissions comparisons are dramatic. Tfc* 

HO* emissions from concepts 1 end 3 are quite com- 
parable with c u rre nt engine Missions. Please note, 
however, that we are comparing combustor rig data 
dth engine date, end slight differences in amtft*v 
elans can be e x p ecte d between rim ud engine te ste - 
of the MM eMwtar. ftrv.rth.lau, figure 10 4m. 
point out the potential emissions reduction by using 
tow U vuno ed to otoolo g p Benaep te. f -V- •£&»;. 


tte cbiaf ohwet.rl.tle. of euh cooo.pt m 
•ten 1. tula VIZ* Tb. let toll CoMnutor 1. to. 
■laplMt deign of the ton. tod let. netted 
enough tod the len.it wtulm, Tton vu to «*»• 
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"he Recuperative Cooling Combustor exhibits 
more complex aerodynamics than Concept 1. Since all 
the primary combustion air must first pass through 
the liner walls, there is less pressure drop avail- 
able for the fuel atomization process. This resul ? 
in a less efficient fuel atomizer than the one used 
in Concept i. Nevertheless, emissions were quite 
low, and approached or were lower than the program 
T oals, The temperature of the inlet air was signif- 
■ ‘unlly increased by this design. For example, at 
the design condition of table III, the temperature 
increase of the air was 74 K. 

The Catalytic Converter Combustor a 1 so exhibits 
more complex aerodynamics than Concept 1# The tem- 
perature of the gases approaching the catalyst bed 
must be carefully controlled to prevent catalyst 
bed damage. The combustor length had to be in- 
creased in order to better control these gas tem- 
peratures, although further work might result in a 
shorter len th. Once again less pressure drop was 
available f* • fuel atomization than with Concept 1, 
because of tne required pressure drop of the cata- 
lyst bed. In spite of these features, the emissions 
were very low, well below the program goals, and 
this Concept does warrant further interest. During 
the tests there were some problems with catalyst 
bed durability. Local hot zones caused bed deterio- 
ration in small spots which did not affect overall 
performance. And the initial design of the bed sup- 
port resulted in cracking of the bed in early tests. 
No bed cracking was evident using a modified design 
of the bed support. 


Summary of Results 


This program was performed under NASA contract 
NAS 3-20 580 by the Aircraft Engine Group of General 
Electric. Mr. A. L. Meyer wa:- Program Manager and 
Mr. D. W. Bahr served as Technical Program Manager 
for the contractor. The program was directed out of 
the Combustion and Pollution Research hrench of the 
Airbreathing Engines Division at the Lewis Research 
Center. 
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A program which focused on reducing aircraft 
engine idle pollutant emissions was performed with 
the goal of demonstrating advanced technology which 
can later be applied to future combustion systems. 
Three combustor concepts were designed and tested 
at idle conditions typical of current and future 
aircraft gas turbines. Each concept used a differ- 
ent approach for pollutant reductions: A thermal 

barrier coating of the liners, preheating the com- 
bustion air, and a catalytic clean up device. Final 
test results indicate that all three concepts dem- 
onstrated the ability to achieve substantial reduc- 
tions In idle emissions. All three concepts ex- 
hibited emissions of unburned hydrocarbons, carbon 
monoxide, and oxides of nitrogen which met or were 
below the program goal values which correspond to 
current EPA 1961 emission standards. Of the three 
concept#, the Sot Hall Combustor, which employs a 
thermal barrier coating and impingement cooled 
liners, demonstrated the lowest missions. At the 
design condition of an inlet temperature of 422 K, 
an inlet pressure of 304 kPa, a reference velocity 
of 23 V*" c » end a fuel-air ratio of 0*0106, the 
< emission# were; HC » 0,6 g/kg fuel, 00 • 1*3 g/kg 

* , fail, end 10 » 2*6 g/kg fuel* The simplicity of 

this concept makes it particularly attractive for 
development into future gas turbine engines* 

\ , , . the Recuperative Pooling Combustor and the 

> > . Catalytic Converter Combustor also exhibited pollu- 
tant emissions which achieved the program goals* 

Both of these concepts exe more complex then the 
Hot Hull Combustor, but warrant further considera- 
tion for their pollution reduction potential* 


6. Roberts, R. , Feduzzi, A., and Vitti, G, E. , "Ex- 
perimental Clean Cocbustor Prograa, ffcase II," 
Pratt and Whitney Aircraft, East Hartford, 
Conn., WA5418, Nov. 1976. (NASA CR-134969). 




4 




<&-'» V'VmI 


v~% 


TABLE I. - CURRENT EPA EMISSION STANDARDS FOR T2 
AIRCRAFT ENGINES 


[Over a prescribed taxi/idle-takeoff-climbout- 
approach-taxi/idle cycle: lb/lOOO lb thrust- 

hr/ cycle. 1 



1979 

Standards 

1981 

Standards 

Unburned hydrocarbons 


0.0 

0.4 

Carbon monoxide 


4.3 

3.0 

Oxides of nitrogen (as 

t'0 2 ) 

3.0 

3.0 


, j TABLE II. - POLLUTANT EMISSIONS GOALS AT ENGINE IDLE CONDITIONS 

o 

[in terms of emission index, ,^/ltg fuel.] 



Prograin 

goals 

ECCP 

goals 

Current 

CF6-50* 

Current 

JT9D-7 + 

Total hydrocarbons, HC 


4 

30 

22 

Carbon monoxide, CO 

10 

20 

73 

47 

Oxides of nitrogen, N0 X 

<4 

-• 

2.5 

3.9 


*Ref. 5. 
+Ref. 6. 


TABLE III. « COMBUSTOR OPERATING CONDITIONS 



Design 

condition 

Parametric test 
condi t ions 

Inlet pressure, atm 

3 

2 

3 

4 

Inlet tempo rat lire, K 

422 

366 

422 

478 

Reference velocity, m/sec 

22.9 

15.2, 

22.9, 

30.5 

Fuel-air ratio 

0.0105 

0.006 

to 

0.0134 

Combustor pressure drop, 
AP/P (percent) 

5.0 








TABLE IV. - LOW EMISSION COMBUSTOR DESIGN CONCEPTS 


1. Hot wall concept 

Refractory coated surfaces 
Minimized wall quenching 

2. Recuperative cooling concept 

Preheated primary air 

Increased combustion reaction rates 

3. Catalytic converter concept 

Precombustion and catalytic cleanup 
Rapid residual CO and HC consumption 
Catalyst bed defined and fabricated 
under subcontract with Engelhard M & C Corp. 

4. All concepts 

Impingement cooled liners, no film cooling 
Air blast fuel injectors 

Near Stoichiometric primary zone equivalence ratio 
Dilution air admitted far down combustor length 
Common dome assembly 

Common aft dilution-transition assembly 


TABLE V. - TEST RIG DESIGN DETAILS 

• 60° Sector combustor rig (5 nozzle CF6-50/ECCP) 

• 7.62 cm (3.0 in.) dome height 

• Reference velocity defined by: 

Combustor airflow divided by the combustor inner 
dome area and the inlet air density: 


Vr • 


w 

comb 

^dome 03 


With this definition: 

CF6-50 - 23.5 m/e (77 tpa)\ 
OT66 * 16.5 m/s (54 fps) J 

• 29.2 cm (11.5 in.) burning length 
Compared with: 


At idle 


CF6-50 - 33.3 cm (13.1 in.) 

CfW56 - 22.9 cm (9.0 in.) 

• Cylindrical combustor walls (for catalyst configuration) 

• Five element fixed exit rakes 

Spaced in-line and between fuel nozzle locations (7 total) 
Combination pressure/ temperature /gas sample 
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TABLE VI. - CONCEPT EMISSIONS COMPARISON 


(NO x corrected to std. humidity 6,3 g/kg) 



At design point 

(422 K, 304 kPa, 23 b,s, f/a - 0,0105) 

HC 

(g/kg fuel) 

CO 

(g/kg fuel) 

N0 X 

(g N0 2 /kg fuel) 

Hot wall (H4) 

o.s 

1.3 

2.6 

Recuperative (R7) 

• 5 

9.0 

6. 4 

Catalytic (C7) 

.3 

1.3 

4.0 

Goal 

1.0 

10.0 

4.0 


TABLE VII. - COMBUSTOR CHARACTERISTICS 

Hot wall combustor Bimplest aerodynamical ly 

Lowest emissions (below program goal*) 

Bo ceramic deterioration 

Recuperative cooling combustor Complex »erodynn»ic* 

tml talons approach program goals 
Low twlrler pressure drop * less efficient 
atomisation and mixing 
Inherently higher MO- because of Increased 
•wirier/ primary dilution temperature 

Catalytic converter combustor Complex aerodynamics 

Emissions below program goals 
Transient operation not addressed 
(Ugh toff, sub-idle operation) 

Requires extended length or increased dome 
complexity 

Low ewtrler pressure drop - less efficient 
etcmlaatloii end mixing 
Problems with catalyst durability 
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PRIMARY DILUTION 
AIR WITH ENHANCED 
TEMPERATURE 


(b> CONCEPT NO. 2 (RECUPERATIVE COOLING COMBUSTOR). 


SECONDARY 

DILUTION 


SHELLS WITH IMPINGEMENT 
COOLED LINERS - 


SWIRLERS 
FUEL INTO 
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SWIRL 
CUP AIR- 



PRIMARY DILUTION 


HONEYCOMB 
CATALYST BED 





SECONDARY 

DILUTION 




(C» CONCEPT NO. 3 (CATALYTIC CONVERTER COMBUSTOR) 
Figure L - Schemitic ol three combustor concepts. 
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Figure 3a. - Combustor assembly, exterior view, 
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Figure 3b. - Combustor assembly with end plate removed. 
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Figure 3c.* Combustor dome, showing triple wall construction. 
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Figure 5. - Typical combustor exit rake (thermocouple/pressure/gas 
sample) and inlet rake (thermocouple/pressure). 
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Figure 6. * Pollutant emissions from hot-wall 
combustor tH4). 
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la) CONCEPT NO. 1. CONFIGURATION H4 (HOT WALL COMBUSTOR). 


PRIMARY DIRECT 
DILUTION RELOCATED 






IMPROVED NON WALL 
WETTING FUEL INJECTOR 


lb) CONCEPT NO. 2, CONFIGURATION R7( RECUPERATIVE COMBUSTOR). 



/ -r PRIMARY DILUTION 

/ DOWNSTREAM OF /" ^ NEY ^5 B CATALYST BED - 
/ DOME / & SECTOR 



FRONT END OF 
COMBUSTOR LENGTHENED 
FROM 8. 3 TO 19.4 cm 


IMPROVED NON WALL 
WETTING FUEL INJECTOR 


10 CONCEPT NO. 3, CONFIGURATION C7 (CATALYTIC CONVERTER COMBUSTOR). 
Figure 9. - Final configuration of each combustor concept exhibiting best emissions results. 
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Figure 10. - Comparison of idle emissions of current production 
engines and Experimental Clean Combustor Program engines 
with combustor rig emissions of LOPER combustors at nominal 
idle design condition: 304 kPa, 422 K, V R r F *23 m/sec, fuel- 
air ratio • a 0105. 


